Abstract. The objectives of this study were to obtain relevant blood flow indices of umbilical arteries (UmA) of porcine fetuses using a laparoscopic ultrasound probe and to relate these data with fetal size at early to mid gestation. Fetal parameters and flow indices, i.e., fetal length and area, fetal heart rate (FHR), systolic pulse duration (T1), interpulse duration (T2), T2/T1 ratio, peak systolic velocity (PSV), time averaged velocity (TAV), resistance index (RI) and pulsatility index (PI), were measured in 182 fetuses of 26 pregnant Landrace gilts on pregnancy day (PD) 36 (122 fetuses from 17 gilts), PD42 (19 fetuses from 3 gilts) and PD51 (42 fetuses from 6 gilts). Fetal heart rate was higher on PD36 than on PD42 (P<0.05). No differences (P>0.05) were obtained concerning systolic pulse duration, flow velocities and RI. On PD42, the PI was lower (P<0.05), while the interpulse duration (P=0.06) and T2/T1 ratio tended (P=0.08) to be higher on PD42 compared with PD36 and to PD51. To find differences in UmA blood flow parameters concerning fetal size, i.e., fetal length, fetuses were retrospectively grouped as follows: small (lower 25%), medium (mean 50%) and large (upper 25%), respectively. Although, fetuses differed in size (P<0.001) within and between days of pregnancy, FHR, PSV, TAV, RI and PI did not differ (P>0.05) among the size classes. Only systolic pulse duration tended to be longer (P=0.05) in large compared with small fetuses on PD36, and interpulse duration was lower in large fetuses on PD36 in comparison with PD51 (P<0.05). Though there was no link between fetal blood flow indices and fetal intrauterine growth retardation (IUGR), with further studies based on these flow indices, it might be possible to evaluate nutrient-or stress-related influences on fetal growth and development, particularly in the case of IUGR. Key words: Female pig, Fetal blood flow, Laparoscopy, Pregnancy, Ultrasonography (J. Reprod. Dev. 58: [243][244][245][246][247] 2012) T he profitability of pig production considerably depends on the number of live born and fostered piglets. Breeding efforts result nowadays in a greater than before number of piglets. However, pre-and postnatal losses are concomitantly increasing (up to 30%) [1] . Furthermore, intrauterine growth retardation (IUGR), resulting in lighter body weight at birth, is a significant problem in pig production [2] . Lighter birth weight piglets show reduced survival rate, compromised postnatal development [3] as well as decreased carcass and meat quality [4] . Uterine and umbilical blood flows maintain the placental transport and exchange of respiratory gases, nutrients and wastes, and thereby support fetal growth and metabolism [5] . As previously demonstrated in the pig, the blood flow to the fetus was reduced with increasing number of fetuses [6] . Experimental vascular occlusion of the uterine arteries of pigs markedly reduced conceptus development [7] . In utero growth retardation, beside other factors such as uterine capacity and number and position of fetuses in the uterus, is mainly caused by limited oxygen and nutrient supply via the placenta [8] . Therefore, fetal blood supply could be worth analyzing to investigate fetal nutrition and growth, especially in IUGR piglets. Previously, uterine blood flow has been measured in pigs during pregnancy by electromagnetic flow transducers [9] and ultrasonic transit time flow probes [10] .
T
he profitability of pig production considerably depends on the number of live born and fostered piglets. Breeding efforts result nowadays in a greater than before number of piglets. However, pre-and postnatal losses are concomitantly increasing (up to 30%) [1] . Furthermore, intrauterine growth retardation (IUGR), resulting in lighter body weight at birth, is a significant problem in pig production [2] . Lighter birth weight piglets show reduced survival rate, compromised postnatal development [3] as well as decreased carcass and meat quality [4] . Uterine and umbilical blood flows maintain the placental transport and exchange of respiratory gases, nutrients and wastes, and thereby support fetal growth and metabolism [5] . As previously demonstrated in the pig, the blood flow to the fetus was reduced with increasing number of fetuses [6] . Experimental vascular occlusion of the uterine arteries of pigs markedly reduced conceptus development [7] . In utero growth retardation, beside other factors such as uterine capacity and number and position of fetuses in the uterus, is mainly caused by limited oxygen and nutrient supply via the placenta [8] . Therefore, fetal blood supply could be worth analyzing to investigate fetal nutrition and growth, especially in IUGR piglets. Previously, uterine blood flow has been measured in pigs during pregnancy by electromagnetic flow transducers [9] and ultrasonic transit time flow probes [10] .
Noninvasive techniques of Doppler blood flow measurements have been established in human obstetric practice to access fetoplacental and uteroplacental circulation, especially to predict fetal intrauterine growth restriction [11] [12] [13] [14] [15] . It was demonstrated that reduced blood flow in the umbilical vessels of human fetuses was related to fetal growth retardation [16, 17] . In farm animals, ultrasound blood flow measurement in uterine and fetal vessels has been performed to a lower extent in cattle [18] , horses [19] , sheep [20] [21] [22] and goats [23] . Currently, relevant data are missing in the pig. Transabdominal measurement of umbilical blood flow is nearly impossible in pigs due to the high number of fetuses and their crowded location within the uterus. Hence, laparoscopy guided Doppler measurement is a feasible alternative.
The aim of the current study was to obtain relevant fetal umbilical blood flow indices using a laparoscopic ultrasound probe and to relate these data with fetal size at early mid-gestation.
Materials and Methods

Animals and animal treatment
All procedures involving animal handling and treatment were approved by the Committee for Animal Use and Care of the Agricultural Ministerial Department of Mecklenburg-Vorpommern, Germany (approval: LALLF-MV/TSD/7221.3-1.1-061/06). Altogether, 26 pregnant Landrace gilts (10.5 month, with 156 ± 4 kg body weight) were included in the trial. Estrus was synchronized in all gilts by 15 days of feeding with Regumate® (16 mg altrenogest/day/ gilt; Janssen-Cilag GmbH, Neuss, Germany). Twenty-four hours after the last Regumate® feeding (0800 h), each animal received a single intramuscular injection of 850 IU equine chorionic gonadotropin (eCG; Pregmagon®, IDT Biologika, Dessau-Tornau, Germany). Ovulation was induced 80 h later by administration of 500 IU human chorionic gonadotropin (hCG; Ovogest®, Intervet, Unterschleißheim, Germany). All gilts were fixed-time inseminated 24 h and 38 h after administration of hCG. The day of the 2 nd insemination corresponded to Day 1 of pregnancy (PD1).
Gilts were slaughtered 9 to 10 days after the ultrasound measurement to record the total number of fetuses.
Laparoscopic procedures and Doppler ultrasound measurements
Laparoscopy guided Doppler ultrasonography was performed altogether on 183 fetuses at PD36 (122 fetuses from 17 gilts), PD42 (19 fetuses from 3 gilts) and PD51 (42 fetuses from 6 gilts), respectively. Laparoscopy was performed as previously described [24] . Briefly, anaesthetized gilts (ketamine, 0.15 ml/kg BW Ursotamin, Serumwerk Bernburg, Germany; azaperone, 0.04 ml/kg BW Stresnil, Janssen Cilag GmbH, Neuss, Germany) were fixed in a dorsal position. A pneumoperitoneum was automatically produced with CO 2 (Endo Tech, Munich, Germany). Thereafter, four trocar cannulas (Storz, Tuttlingen, Germany) were inserted into the abdomen for 0° optics (ETB, Berlin, Germany), the laparoscopic ultrasound probe (EUP-OL531, Hitachi Medical Corporation, Tokyo, Japan) and grasping forceps (ErgoLAP, Bowa-electronic, Gomaringen, Germany). All laparoscopic handling was monitored on a video system (Endo Tech, Munich, Germany).
Each time, the first fetus of the left uterine horn was located next to the bifurcation, and the uterine horn was gently fixed by atraumatic forceps. The tip of the 7.5 MHz ultrasound probe was placed directly on the uterine surface next to the fetus and a B-mode image was recorded to the hard disc of the ultrasound scanner equipment (EUB-6500, Hitachi Medical, Tokyo, Japan) for subsequent measurement of fetal size. Umbilical arteries (UmA) in a midcord site of the free-floating umbilical cord were visualized by color Doppler, and then pulsed wave Doppler was applied to record the waveforms with at least three consecutive cardiac cycles [25] . Thereafter, the measurement was continued with the laterally located fetus. Thereby, we aimed to analyze the total number of fetuses from one uterine horn or at least three fetuses.
Recorded images were analyzed later. Fetal size was measured in length and width, and the UmA waveform envelope curves were traced. The following parameters were calculated automatically by the integrated software package: fetal area (FA, cm 2 ), fetal heart rate (FHR, bpm), systolic pulse duration (T1, ms), interpulse duration (T2, ms), T2/T1 ratio (%), peak systolic velocity (PSV, cm/ sec) and time averaged velocity (TAV, cm/sec), resistance index (RI) and pulsatility index (PI), respectively.
Statistical analysis
The statistical analyses were performed using SAS software (SAS Institute, Cary, NC, USA). Fetal and umbilical blood flow parameters of fetuses were tested for normality (UNIVARIATE procedure in the Base SAS software) [26] . Investigated parameters were approximately normal and could be evaluated by repeated measures analysis of variance (ANOVA) using the MIXED procedure of SAS/ STAT software [27] . The mixed model for the response variables fetus area (FA), fetal heart rate (FHR), systolic pulse duration (T1), interpulse duration (T2), T2/T1-ratio, peak systolic velocity (PSV), time averaged velocity (TAV), resistance index (RI) and pulsatility index (PI) contained the fixed effects day of pregnancy (levels: PD36, PD42, PD51) and fetal size group (levels: small, medium, large size), their interaction and a random gilt effect. Measures on fetuses of the same gilt are not independent. This dependence (sibs) can be modeled by considering measures on fetuses of the same gilt as repeated measures (repeated statement in PROC MIXED) using a compound symmetry block diagonal structure of the residual covariance matrix, where the blocks represent the gilts and the dimensions of the blocks represents the number of their fetuses. The model for the response variable fetus length (FL) included the fixed effect day of pregnancy (levels: PD36, PD42, PD51) and a random gilt effect. Measures on fetuses of the same gilt were considered as repeated measures and handled in the same way as described above. In addition, LS Means and their standard errors (SE) were calculated and pairwise tested for each effect in each model using the Tukey procedure for pairwise multiple comparisons.
Correlations were calculated between fetal size (FA, FL) and UmA flow parameters (FHR, T1, T2, T2/T1-ratio, PSV, TAV, RI, PI) using the CORR procedure of the Base SAS software [26] for each PD.
Test results with P values less than 0.05 are considered to be significant, and P values between 0.05 and 0.1 are defined as indicating tendency.
Results
The examination generally lasted between 45 and 90 min depending on the number of recorded fetuses. Handling and measurements with the EUP-OL531 laparoscopic ultrasound probe could be performed without difficulties on PD36. However, with ongoing gestation (PD42 and PD51) and in the case of a high number of fetuses and due to limited space, it becomes more difficult to handle the uterus intra-abdominally with the laparoscopic instruments and to keep records. However, after the umbilical cord was visualized, the flow velocity waveforms could be obtained without serious problems. Figure 1 shows a typical laparoscopic ultrasound image.
Altogether, 144 and 38 fetuses of the left and of right uterine horns, respectively, were ultrasonographically evaluated. This represents 94% of the fetuses in the left uterine horn and 32% of those in the right horn. The maximum and minimum numbers of fetuses analyzed per gilt were 13 and 3 on PD36, 6 and 6 on PD42, and 14 and 4 on PD51, respectively.
Fetal size and UmA blood flow parameters on PD36, PD42 and PD51 are presented in Table1. Fetal length and area increased (P<0.001) with ongoing gestation. Fetal heart rate was different on PD36 and PD41 (P<0.05). No differences were obtained concerning systolic pulse duration, flow velocities and RI. The PI was lower (P<0.05), and interpulse duration (P= 0.06) and T2/T1 ratio tended (P=0.08) to be higher on PD42 compared with PD36 and PD51.
To find possible differences in UmA blood flow parameters concerning fetal size, fetuses were retrospectively grouped as follows: small (lower 25%), medium (mean 50%) and large (upper 25%), respectively. The results for each size class on PD36, PD42 and PD51 are shown in Table 2 . Fetuses differed in size (P<0.001) within and between days of pregnancy. However, most of the recorded parameters, such as FHR, PSV, TAV, RI and PI did not differ among the size classes. Only systolic pulse duration tended to be higher (P= 0.05) in large compared with small fetuses on PD36. Interpulse duration was lower in large fetuses on PD36 in comparison with PD51 (P<0.05).
Correlations were calculated between fetal size and UmA flow parameters; however, no significant results were obtained.
Discussion
Here, we report for the first time on respective Doppler indices in Within row values with different superscripts differ. 1) Fetal heart rate, 2) Systolic pulse duration, 3) Interpulse duration, 4) Peak systolic velocity, 5) Time averaged velocity, 6) Resistance index, 7) Pulsatility index.
the pregnant pig at early and mid-gestation. The images obtained in our study by laparoscopic ultrasound scanning were mainly excellent due to the close proximity with the uterine surface. However, the laparoscopy ultrasound procedure revealed some difficulties that impede handling such as the restricted space in the abdomen and the high number and increasing size of fetuses. Furthermore, at PD36, fetuses are more or less 'free-floating' within the gestational sac. Nevertheless, representative data could be obtained from 183 fetuses. We aimed to analyze the total number of fetuses from one side. Collecting of data from 94% of the fetuses of the left uterine horn enabled us to demonstrate that it is possible to image systematically all fetuses from one side. Imaging the fetuses of both uterine horns requires prolonged anesthesia. It should be considered that the flow data were obtained under general anesthesia (ketamine/azaperone). It is known that different anesthetic methods [28] [29] [30] and agents, e.g.,xylazine [31, 32] , may influence uterine and fetal blood supply. However, ketamine does not seem to affect uterine blood flow [33, 34] , whereas azaperone can cause moderate hypotension and lowering of heart rate in pigs [35, 36] .
Fetal size increased with ongoing gestation from PD36 to PD42 and PD51 by 45% and 73%, respectively. Fetuses also varied in size on each PD. Grouping fetuses according to the lower and upper 25% revealed significant differences compared with the "50% medium-size" group. The "lower 25%" group can be considered as probably IUGR fetuses.
Umbilical flow data in the pig are not available. Therefore, we can only compare our data with those obtained in other domestic animals. The FHR was decreasing between PD36 and PD42 but did not decrease all the way to PD51. In goats, FHR decreased throughout gestation [23] . The FHR in the porcine fetuses was low, as found in goats during a comparable gestational period (150 vs. 240 bpm). The systolic peak and time averaged velocities did not change during the examined gestational period. In porcine fetuses, the PSV was two-times higher compared with that of rabbits [37] but half that of sheep fetuses [38] . Apparently, differences exist concerning species, the number of fetuses and the stage of gestation.
Volumetric blood flow assessment in small, convoluted umbilical arteries is difficult [38] . Therefore, qualitative analysis of blood flow velocity waveforms [16] or semiquantitative indexes, such as RI and PI, are often used. They are indexes for vascular resistance, and they are comparable within the same vessels and probably between breeds. In our study, the RI was not altered between PD36 to PD51 and ranged between 0.94 and 0.95. Similarly high stable RIs were reported in comparable gestational periods for goats, rabbits and bitches [23, 37, 39] . As high RI is interpreted as high resistance and low perfusion and vice versa [40] , reduced blood flow can be assumed.
The pulsatility index (PI) is regarded as an indicator of cardiac function and fetal jeopardy [41, 42] . In the present study, PI was decreasing from PD36 to PD42 and then increasing up to PD51, with values between 1.59 and 1.69. Also, in goats, a PI increase was observed [23] , whereas in bitches, PI decreased prior to whelping [39] . The presence of elevated RI and PI could be interpreted as high blood flow resistance in the placenta, perhaps due to intrauterine growth restriction [43] . Furthermore, abnormal placentation and trophoblastic invasion may result in abnormal waveform patterns of the UmA in humans [44] . However, in our study, after grouping the fetuses according to small, medium and large sizes no differences were obtained both for RI and PI on all examined days of gestation. In human fetuses, a tendency for a lower RI in large fetuses with ongoing pregnancy was reported [45] . Furthermore, other measured parameters (FHR, PSV) were not linked to fetal size. One exception was the systolic pulse duration T1 between small and large fetuses on PD36. However, such differences were not observed on other PDs, and this finding should not be overestimated due to the significance level of P=0.05. We did not find any predominant parameter that could describe the umbilical blood flow in porcine fetuses and particularly in IUGR fetuses.
In conclusion, laparoscopy guided ultrasound measurement is a suitable method to evaluate fetal blood flow in pigs. Our study Values with different lower case superscripts differ significantly between fetal size classes, and values with different capital letters differ between PDs. 1) Fetal heart rate, 2) Systolic pulse duration, 3) Interpulse duration, 4) Peak systolic velocity, 5) Time averaged velocity, 6) Resistance index, 7) Pulsatility index.
obtained, for the first time, Doppler flow indices of umbilical arteries in the porcine fetus during early-mid gestation. We did not find any relation between fetal blood flow indices and fetal growth (IUGR). However, with further studies based on these flow indices, it may be possible to evaluate nutrient-or stress-related influences on fetal growth and development, particularly in the case of IUGR.
